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E-mail address: mki3@lehigh.edu (M.K. Iovine).In addition to having a Cx43 ortholog, the zebraﬁsh genome also contains a Cx43-like gene, Cx40.8.
Here, we investigate the expression of cx40.8 in zebraﬁsh ﬁns and the function of Cx40.8 in HeLa
cells. We ﬁnd that cx40.8 is present in the same population of dividing cells as cx43. Unlike Cx43,
dye coupling assays suggest that Cx40.8 only inefﬁciently forms functional gap junction channels.
However, co-transfection reveals that Cx40.8 can co-localize with Cx43 in gap junction plaques,
and that the resulting plaques contain functional gap junction channels. Together, these data sug-
gest the possibility that Cx40.8 may functionally interact with Cx43 to regulate cell proliferation
in vivo.
Structured summary:
MINT-7266123: cx40.8 (genbank_protein_gi:68354404) and cx43 (uniprotkb:O57474) colocalize
(MI:0403) by ﬂuorescence microscopy (MI:0416)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Connexins, the subunits of gap junction channels, are part of a
large multigene family consisting of about 20 genes in mammals
[1]. Connexins are integral membrane proteins that consist of four
transmembrane domains, two extracellular loops, one cytoplasmic
loop, and cytoplasmic amino- and carboxy-termini. Six connexin
proteins oligomerize to form one connexon (or hemichannel),
and the docking of two connexons at the plasma membranes of
neighboring cells forms a single gap junction channel. Gap junction
channels typically aggregate into plaques containing about 100–
1000 channels, allowing the passage of ions and small molecules
(<1200 Da) between adjacent cells. Interestingly, most tissues ex-
press a unique assortment of 2–7 connexin genes, suggesting that
distinct homomeric and heteromeric gap junction channels con-
tribute to cell–cell coupling [2]. Further, channel composition can
determine metabolite selectivity and speciﬁcity [3–5]. Therefore,
one possibility is that regulated hetero-oligomerization of different
connexin isotypes may in turn regulate tissue function.chemical Societies. Published by E
; GJIC, gap junction intercel-
P, histone-3-phosphate; dpa,Gap junction intercellular communication (GJIC) is necessary
for normal tissue development, evidenced by the identiﬁcation of
mutations in connexins causing such disease phenotypes as deaf-
ness, skin disorders, peripheral neuropathies, and cataracts
[2,6,7]. In particular, missense mutations in human CX43 cause
the craniofacial and limb skeletal malformations associated with
oculodentodigital dysplasia (ODDD) [8]. ODDD is transmitted as
an autosomal dominant disease, suggesting that mutant forms of
Cx43 may hetero-oligomerize with wild-type Cx43, perhaps poi-
soning Cx43 gap junction channels [2,9]. Mutations in zebraﬁsh
cx43 also cause skeletal phenotypes, including short bony ﬁn ray
segments associated with the short ﬁn phenotype [10,11]. In addi-
tion to the sofb123 allele that has reduced mRNA and protein levels
[12,13], three non-complementing ENU-induced alleles were
shown to cause missense mutations (sofj7e1 codes Cx43-F30V,
sofj7e2 codes Cx43-P191S, and sofj7e3 codes Cx43-F209I). Each mis-
sense allele can form gap junction plaques, but channels exhibit
aberrant ionic coupling properties [11]. Indeed, recent studies on
the zebraﬁsh cx43mutations reveal a correlation between segment
length, level of proliferation, and GJIC [11,13]. Therefore, the zebra-
ﬁsh ﬁn represents an excellent model system to understand how
changes in GJIC may lead to important developmental phenotypes,
including bone growth.
The zebraﬁsh caudal ﬁn consists of 16–18 bony rays, and ﬁn
length depends on the number and size of numerous seg-
ments [14]. Fins also have the capacity for rapid growth duringlsevier B.V. All rights reserved.
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ing, and the regeneration blastema is next established [15,16]. The
blastema is a specialized structure composed primarily of prolifer-
ating cells, and is required for outgrowth. Dividing cells differenti-
ate to contribute to all the tissues of the ﬁn. Expression of cx43 is
identiﬁed both in the proliferating cells of the blastema and in dif-
ferentiated cells surrounding ﬁn ray joints [10]. Further, all of the
sof alleles exhibit reduced levels of cell proliferation. This and other
data suggests that Cx43-based GJIC may be required to establish
the population of dividing cells [13]. Therefore, it is important to
understand how Cx43-mediated coupling is regulated in this
tissue.
The zebraﬁsh genome includes a large connexin gene family
(n = 37) [17], almost twice the size of human (n = 21) and mouse
(n = 20) families. Phylogenetic analysis revealed that 23 of the zeb-
raﬁsh connexins were a result of the additional whole genome
duplication in the teleost lineage [18], while the remaining 14
may have arisen by individual gene duplication events and subse-
quent divergence [17]. Here we describe the zebraﬁsh cx43-like
gene, cx40.8. The cx40.8 gene shares 79% amino acid (Fig. 1) and
80% nucleotide identity with cx43. Given the close phylogenetic
relationship, Cx40.8 may be compatible to form heteromeric chan-
nels with Cx43 and directly modify Cx43-based GJIC. Indeed, heter-
omeric gap junctions often exhibit distinct channel properties fromFig. 1. Alignment of Cx43-related connexins. Amino acid alignments of human (Hs) Cx43
stars indicate amino acid identity, 2 dots indicates strong conservation, 1 dot indicates m
carboxy-tail.either homomeric form [3,19–21]. Here, we provide an initial char-
acterization of Cx40.8 expression and function. Results from these
and continued studies may provide an endogenous model system
to understand how closely related connexins regulate GJIC, and/
or how missense alleles may modify wild-type activity.
2. Materials and methods
2.1. Fish maintenance
The ﬁsh used in this study were derived from the C32 strain and
were raised in a 14 light:10 dark photoperiod at 25 C [22].
2.2. In situ hybridization (ISH)
The coding sequence for cx40.8 was ampliﬁed (F—GAATCTCGA-
GATGGGTGACTGGAGCGCACTGG; R—GAATGTCGACTGGATGTCAA-
GATCATCCGGCC), TA-cloned into pGEMT, and sequenced.
Digoxigenin-labeled antisense probe for cx40.8 was generated. Tis-
sue was ﬁxed overnight with 4% paraformaldehyde in PBS and
stored in 100% methanol at 20 C. Gradual aqueous washes were
completed in methanol/PBST. Tissue was treated with 5 lg/ml pro-
teinase K (5 min for embryos; 45 min for ﬁns) and re-ﬁxed for
20 min. Prehybridization (50% formamide, 5 SSC, 10 mM citric, zebraﬁsh (Dr) Cx43, and zebraﬁsh (Dr) Cx40.8 were completed using ClustalW. The
oderate conservation, and dashes indicate gaps. The arrow identiﬁes the start of the
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the presence of digoxigenin-labeled antisense probes was com-
pleted overnight. Gradual washes into 0.2 SSC were followed by
gradual washes into PBST. Anti-digoxigenin Fab fragments (pre-ab-
sorbed against zebraﬁsh tissue) were used at 1:5000 overnight.
Extensive washes in PBST followed by three short washes in stain-
ing buffer (100 mM Tris, pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1%
Tween20, pH 9.0) were completed. Tissue was next transferred to
staining solution (staining buffer plus 0.22 mg/ml NBT and
0.175 mg/ml BCIP) and development proceeded until purple color
was observed.
2.3. qRT-PCR analysis
Trizol reagent (Gibco) was used to isolate mRNA from 5 days -
post amputation (dpa) regenerating ﬁns (5–10 ﬁns were pooled)
and ﬁrst strand cDNA was prepared using oligodT (12–15) and re-
verse transcriptase. Dilutions of template cDNA were prepared
(1:5, 1:50, 1:500, 1:5000). Oligos were designed for cx40.8 using
Primer Express software (F—ATTACAATGACTGCTCGGCCC; R—
TGCTCATTAGCCTGCTTGTCG). Oligos for cx43 and internal standard
ker4 were described previously [12]. All amplicons were ampliﬁed
independently using the Power SYBR green PCR master mix (Ap-
plied Biosystems). Samples were run in triplicate on the ABI7300
Real Time PCR system and the average cycle number (CT) was
determined for each amplicon. Delta CT (DCT) values represent
normalized cx43 or cx40.8 levels with respect to keratin4. Delta Del-
ta CT (DDCT) values represent expression levels of the test sample
(sofb123) minus the expression levels of the calibrator sample (wild-
type) for either cx43 or cx40.8. The fold-change was calculated
using the double DCT method (i.e. using the equation 2DDCT).
Three independent experiments were completed.
2.4. Detection of mitotic cells using histone-3-phosphate (H3P)
This method identiﬁes mitotic cells by detecting a phosphory-
lated form of serine-10 (H3P) that is present only during mitosis
[23]. Following processing for cx40.8 ISH, the ﬁns were washed in
PBS then treated with 1 mg/ml collagenase in PBS for 45 min at
room temperature and blocked using a 0.5% BSA in PBS solution
with 0.1% Triton-X. A rabbit antibody against anti-phosphohistone
H3 (H3P, Upstate Biotechnology) was diluted 1:100 in block and
ﬁns were incubated overnight at 4 C. Following a series of washes
in block, ﬁns were incubated with an anti-rabbit antibody conju-
gated to Alexa-546 (Molecular Probes, diluted 1:200 in block) for
2.5 h at room temperature. Washes were performed in block fol-
lowed by cryosectioning to detect cells doubly-labeled for cx40.8
and H3P. All H3P-positive cells within the distal-most 250 lm
were identiﬁed as cx40.8 positive or negative [13].
2.5. Plasmid construction and HeLa cell transfection
The cx40.8 coding sequence was excised from pGEMT using
XhoI and SalI restriction endonucleases engineered into the prim-
ers used for the initial ampliﬁcation (see above under Section 2.2),
and subcloned into p-mApple or pEGFP-N1 (Clontech). For cx43
constructs, the coding sequence from Cx43-N1-EGFP (described
in [11]) was subcloned into the EcoRI site of p-mApple. Plasmid
DNA was prepared using the MiniPrep Plasmid Puriﬁcation kit
(Qiagen).
HeLa cells were stored at 5% CO2 and 37 C and grown in tissue
culture dishes with minimal essential media supplemented with
10% FBS, antibiotics, and antimycotics (Invitrogen). The cells were
seeded onto poly-L-lysine coverglasses, incubated overnight, then
transfected for 3 h using either 2 lg of Cx40.8-EGFP-N1 or
Cx40.8-mApple using Superfect (Qiagen). For double transfections,a combination of 1 lg Cx40.8-EGFP-N1 and 1 lg Cx43-mApple was
co-transfected using the same procedure. Transfected cell pairs
were evaluated by confocal microscopy (Zeiss).
2.6. Dye coupling assays
Following transfection (t = 21 h), transfected cell pairs were
identiﬁed and a single cell within the pair was injected with propi-
dium iodide (PI, MW = 668.4) using the Eppendorf FemtoJet micro-
injector and Eppendorf InjectMan N12 micromanipulator. Dye
transfer to the non-injected cell of the pair was indicative of func-
tional gap junction channels, and the percentage of cell pairs that
showed dye transfer was calculated for each cell culture dish. A to-
tal of 25 cell pairs were evaluated for Cx40.8-EGFP and for doubly-
transfected cells. The average and standard deviation from three
trials for each experiment was determined. Statistical signiﬁcance
was calculated using the Student’s t-test.3. Results and discussion
3.1. Cx40.8 is expressed in the same population of cells as Cx43
First, we examined cx40.8 expression in regenerating wild-type
ﬁns by ISH. Following whole mount staining and cryosectioning,
we found that cx40.8 is expressed in the distal mesenchymal com-
partment (Fig. 2A and C), consistent with the location of proliferat-
ing cells and similar to the location of cx43 expression [10]. Given
the high percentage of nucleotide similarity between cx40.8 and
cx43, it was necessary to rule out the possibility that the above
observations were due to cross-hybridization of the cx40.8 probe
with the cx43 mRNA. Previously, we found that cx43 is undetect-
able in short ﬁn (sofb123) regenerating ﬁns by ISH [10]. If the
cx40.8 probe hybridizes to cx43 (i.e. in addition to or instead of
hybridizing to the cx40.8 mRNA), we would expect that cx40.8
might also fail to be detected in sofb123ﬁns. Instead the cx40.8
expression pattern in sofb123 (Fig. 2B) is similar to the wild-type
pattern, indicating that the cx40.8 probe identiﬁes the correct tar-
get sequence and does not rely on the presence of cx43 mRNA for
detection.
The expression domain of cx43 and cx40.8 is consistent with the
population of proliferating cells in the regeneration blastema. Pre-
vious studies revealed that 89% of the H3P-positive mitotic cells in
this region also express cx43 [13]. To determine if cx40.8 is also ex-
pressed in actively dividing cells, regenerating ﬁns were processed
for cx40.8 ISH and H3P detection. Cryosectioning of doubly-stained
ﬁns revealed that 80.6% of mesenchymal H3P-positive cells also
expressed cx40.8 (n = 31 H3P cells, Fig. 2D). The ﬁnding that
cx40.8 and cx43 are expressed in the same compartment, together
with the ﬁnding that cx40.8 is expressed in mitotic cells, suggests
that cx40.8 is expressed in the same population of proliferating
cells as cx43.
3.2. Expression levels of cx40.8 are unchanged in sofb123
Since cx40.8 and cx43 appear to be expressed in the same cells,
the expression levels of these genes may be co-regulated. To test
this possibility, qRT-PCR was used to compare the relative levels
of cx43 and cx40.8mRNA in regenerating wild-type and sofb123 ﬁns.
First we determined the relative expression of cx43 and cx40.8 in
wild-type regenerating ﬁns and found expression at similar levels
(Fig. 3A). Next, we compared cx40.8 levels in wild-type and sofb123
and found no substantial difference in expression levels of cx40.8
(Fig. 3 and Table 1). At the same time, we followed cx43 levels (pre-
vious studies revealed that cx43 levels are reduced 15–20-fold in
sofb123 compared to wild-type [12]). As before, we found that
Fig. 2. Expression of cx40.8mRNA in zebraﬁsh regenerating ﬁns is consistent with cx43 expression and the compartment of proliferating cells. (A) ISH of cx40.8 in 5 dpa wild-
type regenerating ﬁns. (B) ISH of cx40.8 in 5 dpa sofb123 regenerating ﬁns. (C) Cryosection of stained wild-type regenerating ﬁn showing cx40.8 expression is located in the
distal mesenchymal compartment. Brackets identify cx40.8-positive cells. (D) Cryosection of stained wild-type ﬁn showing both cx40.8 and co-localization with an H3P-
positive cell. Arrows point to bone matrix. e, epidermis.
Fig. 3. Relative expression levels of cx40.8 and cx43 in regenerating ﬁns. Data from representative wild-type (A) and sofb123 (B) ﬁns are shown. (A) qRT-PCR of cx43 and cx40.8
levels relative to the internal standard, ker4. The amplicons for cx43 and cx40.8 are detected at similar cycle numbers (CT), suggesting similar expression levels in wild-type.
(B) In sofb123, the cx40.8 amplicon is detected at similar levels as in wild-type ﬁns (see also Table 1), but cx43 is detected much later (suggesting reduced mRNA levels in sofb123
ﬁns). NTC, No transcript controls for each gene do not permit ampliﬁcation.
Table 1






DDCT values represent the relative expression of normalized cx40.8mRNA in sofb123
compared with wild-type. Fold-change values close to 1 suggests that the relative
level of cx40.8 is similar between wild-type and sofb123.
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vel of cx40.8 is unchanged in sofb123 while cx43 is signiﬁcantly re-
duced, the relative levels of cx40.8 and cx43 are drastically
different between wild-type and sofb123. Together, these data indi-
cate that the transcription of cx40.8 is not affected by reduced cx43
mRNA. Moreover, the relative expression cx40.8 is almost equal to
cx43 in wild-type ﬁns, but it is 8–10-fold higher than cx43 in sofb123
regenerating ﬁns.
3.3. Cx40.8 fails to associate in gap junction plaques and does not form
channels efﬁciently
Next, we sought to determine if Cx40.8 functions as a gap junc-
tion channel. HeLa cells transfected with an EGFP-tagged form of
Cx40.8, Cx40.8-EGFP, revealed that Cx40.8 is localized primarily
intracellularly and does not form detectable gap junction plaques
at the plasma membrane (Fig. 4A and C). One possibility is thatthe EGFP-tagged zebraﬁsh connexin protein is not trafﬁcked nor-
mally using this heterologous system. While we cannot eliminate
this possibility for Cx40.8-EGFP, previous studies have shown that
zebraﬁsh Cx43-EGFP is localized properly to the plasma membrane
in gap junction plaques. Further, zebraﬁsh Cx43-EGFP readily
forms gap junction channels evidenced by transfer of the small
dye propidium iodide in about 80% of the injected cell pairs [11].
To determine if Cx40.8 channels might be detected similarly, HeLa
cells were transfected with Cx40.8-EGFP, and individual cells from
transfected cell pairs were injected with propidium iodide. We
found that 23.6% (±19.4) of cell pairs demonstrated dye transfer,
suggesting that functional gap junction channels were formed,
while most of the cell pairs fail to share dye (Fig. 4). Since it is pos-
sible to detect dye transfer, we suggest that Cx40.8 does not readily
form gap junction channels, but channels that do form appear
capable of GJIC.
3.4. Cx40.8 co-localizes with Cx43 in gap junction plaques
HeLa cell transfections showed that Cx40.8 is located intracellu-
larly, albeit with the ability to form some gap junction channels at
the plasma membrane. In an endogenous setting where Cx40.8 and
Cx43 are co-expressed, Cx40.8 may have the opportunity to het-
ero-oligomerize or otherwise associate with Cx43. We investigated
the possibility of an interaction between Cx40.8 and Cx43 by co-
transfecting differentially tagged forms of Cx43 and Cx40.8.
We generated Cx43-mApple and Cx40.8-mApple constructs and
found that they localized similarly to their EGFP counterparts.
Fig. 4. Cx40.8 does not readily form gap junction channels when transfected alone. (A and B) An example of positive dye transfer in Cx40.8-EGFP transfected cell pairs. (C and
D) An example of failure of dye transfer in Cx40.8-EGFP transfected cell pairs. Arrows point to plasma membranes of adjacent cells. (E) An example of positive dye transfer in
HeLa cells co-transfected with Cx40.8-EGFP and Cx43-mAPPLE. Red and green images were overlaid, and the red image is slightly underexposed (compared to B and D) to
insure visualization of the yellow gap junction plaque containing both connexins (arrow). (F) Quantitative analysis of positive dye transfer in singly-transfected Cx40.8-EGFP
HeLa cells and doubly transfected HeLa cells. The data sets are signiﬁcantly different (P < 0.001).
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transfections resulted in yellow intracellular signal and Cx43-EGFP
and Cx43-mApple co-transfections resulted in yellow plaques
using confocal microscopy (not shown). Then, we co-transfected
equal concentrations of Cx43-mApple with Cx40.8-EGFP, mimick-
ing wild-type conditions (switching the ﬂuorescent tags does not
alter the results). Using confocal microscopy, cell pairs containing
both green and red signals were ﬁrst analyzed for the presence
of Cx43 gap junction plaques. Cx43 plaques were then assessed
for the presence of Cx40.8. Interestingly, among doubly-transfec-
ted cell pairs, all plaques containing Cx43 also contain Cx40.8
(n = 15 cell pairs, Fig. 5). This co-localization reveals that Cx40.8
(expressed mostly intracellularly when transfected alone) can be
found in gap junction plaques when co-expressed with Cx43 and
may suggest that Cx40.8 can hetero-oligomerize with Cx43. At this
time, we cannot rule out the possibility that homomeric Cx40.8
channels more efﬁciently associate among homomeric Cx43-chan-Fig. 5. Cx43 and Cx40.8 can associate together at the plasma membrane in HeLa cells.
connexins co-localize in gap junction plaques (C). Asterisks identify each cell in this celnels within the plaques. However, it is clear that the presence of
Cx43 enhances the ability of Cx40.8 to localize in gap junction pla-
ques at the plasma membrane.
Next we determined if the plaques containing both Cx43 and
Cx40.8 permit dye transfer. Cells were co-transfected with Cx43-
mApple and Cx40.8-EGFP prior to propidium iodide injection. Dou-
bly-transfected cell pairs were identiﬁed by Cx40.8-EGFP positive
plaques (i.e. since Cx40.8 is not found in plaques in singly-transfec-
ted cells). Interestingly, all of the injected cell pairs showed dye
transfer (Fig. 4). At least two explanations are possible for the in-
creased level of dye transfer in the double transfections over the
Cx40.8-EGFP single transfections. First, it is apparent that Cx40.8
does not inhibit Cx43 channel function, so one possibility is that
Cx40.8–Cx43 heteromeric channels are capable of transferring pro-
pidium iodide. Therefore, we do not rule out the hypothesis that
Cx40.8 might directly modify the channel properties of Cx43 and
enhance or alter the coupling of particular small moleculesCells were co-transfected with both Cx40.8-EGFP (A) and Cx43-mApple (B). Both
l pair.
3424 S.V. Gerhart et al. / FEBS Letters 583 (2009) 3419–3424(although further studies are required to demonstrate that channel
properties differ among Cx40.8-channels, Cx43-channels, and het-
eromeric forms). Alternatively, the observed positive dye coupling
may be permitted by homomeric forms of Cx43 and Cx40.8 gap
junction channels. Indeed, Cx43 homomeric gap junction channels
transfer propidium iodide efﬁciently [11], and such channels may
exist within the plaques. Moreover, since co-transfection of Cx43
and Cx40.8 causes an increased association of Cx40.8 in gap junc-
tion plaques, and since we conclude above that Cx40.8 channels
are capable of dye transfer, double transfection may simply in-
crease the efﬁciency of bringing Cx40.8 to the plasma membrane
where it can function as a typical channel. Future analyses using
higher resolution imaging and ionic coupling assays are required
to distinguish these possibilities.
4. Conclusions
Zebraﬁsh Cx40.8 represents the closest connexin relative to
Cx43. While the cx40.8 gene is not found in mammalian genomes,
the ODDD phenotypes may be caused by mutant forms of Cx43
modifying the function of wild-type Cx43 protein. Indeed, this
study reveals that while cx40.8 is expressed similarly to cx43
in vivo, its function may be distinct. The Cx40.8 protein does not
contribute to gap junction plaques efﬁciently on its own, but does
in combination with Cx43. Therefore, when expression levels are
similar (as in wild-type ﬁns), Cx40.8 may have the opportunity
to interact functionally with Cx43. However, when cx40.8 is ex-
pressed at much higher levels than cx43 (as in sofb123 ﬁns),
Cx40.8 may not be found at the plasma membrane. Therefore, it
is possible that the reduced cell proliferation phenotype of sof mu-
tants may be attributable to the absence of Cx40.8 at the plasma
membrane, and/or due to the failure of Cx40.8-modiﬁcation of
Cx43 gap junction channels.
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